Transformed astrocytes in the most aggressive form cause glioblastoma, the most common cancer in central nervous system with high mortality. The physiological electric field by neuronal local field potentials and tissue polarity may guide the infiltration of glioblastoma cells through the electrotaxis process. However, microenvironments with multiplex gradients are difficult to create. In this work, we have developed a hybrid microfluidic platform to study glioblastoma electrotaxis in controlled microenvironments with high throughput quantitative analysis by a machine learning-powered single cell tracking software. By equalizing the hydrostatic pressure difference between inlets and outlets of the microchannel, uniform single cells can be seeded reliably inside the microdevice. The electrotaxis of two glioblastoma models, T98G and U-251MG, require optimal laminin-containing extracellular matrix and exhibits opposite directional and electro-alignment tendencies. Calcium signaling is a key contributor in glioblastoma pathophysiology but its role in glioblastoma electrotaxis is still an open question. Anodal T98G electrotaxis and cathodal U-251MG electrotaxis require the presence of extracellular calcium cations. U-251MG electrotaxis is dependent on the P/Q-type voltage-gated calcium channel (VGCC) and T98G is dependent on the R-type VGCC. U-251MG and T98G electrotaxis are also mediated by A-type (rapidly inactivating) voltage-gated potassium channels and acidsensing sodium channels. The involvement of multiple ion channels suggests that the glioblastoma electrotaxis is complex and patient-specific ion channel expression can be critical to develop personalized therapeutics to fight against cancer metastasis. The hybrid microfluidic design and machine learning-powered single cell analysis provide a simple and flexible platform for quantitative investigation of complicated biological systems.
Transformed astrocytes in the most aggressive form cause glioblastoma, the most common cancer in central nervous system with high mortality. The physiological electric field by neuronal local field potentials and tissue polarity may guide the infiltration of glioblastoma cells through the electrotaxis process. However, microenvironments with multiplex gradients are difficult to create. In this work, we have developed a hybrid microfluidic platform to study glioblastoma electrotaxis in controlled microenvironments with high throughput quantitative analysis by a machine learning-powered single cell tracking software. By equalizing the hydrostatic pressure difference between inlets and outlets of the microchannel, uniform single cells can be seeded reliably inside the microdevice. The electrotaxis of two glioblastoma models, T98G and U-251MG, require optimal laminin-containing extracellular matrix and exhibits opposite directional and electro-alignment tendencies. Calcium signaling is a key contributor in glioblastoma pathophysiology but its role in glioblastoma electrotaxis is still an open question. Anodal T98G electrotaxis and cathodal U-251MG electrotaxis require the presence of extracellular calcium cations. U-251MG electrotaxis is dependent on the P/Q-type voltage-gated calcium channel (VGCC) and T98G is dependent on the R-type VGCC. U-251MG and T98G electrotaxis are also mediated by A-type (rapidly inactivating) voltage-gated potassium channels and acidsensing sodium channels. The involvement of multiple ion channels suggests that the glioblastoma electrotaxis is complex and patient-specific ion channel expression can be critical to develop personalized therapeutics to fight against cancer metastasis. The hybrid microfluidic design and machine learning-powered single cell analysis provide a simple and flexible platform for quantitative investigation of complicated biological systems.
I. INTRODUCTION
Glioma is one of the most common types of brain cancer and the aggressive form of it, glioblastoma, contributes to poor prognosis, high mortality, and high probability of recurrence 1,2 , due to the infiltration nature of the disease. The highly infiltrative ability of glioblastoma originates from the invasive/migratory ability of glioma stem cells or brain tumor initiating cells 3, 4 . Not only glioma cells are important, but also the microenvironment in the brain helps shaping the heterogeneity of the glioma 5 . The glioma cells interact with the extracellular matrix (ECM), glial cells, and immune cells in the brain and mediate the formation of peri-vascular, peri-necrotic, and invasive tumor microenvironments [6] [7] [8] [9] . Understanding the molecular mechanisms of the invasiveness in glioma cells with respect to the tumor microenvironment is vital for developing new therapeutic options and improving patient outcome 10, 11 .
In the brain, glial cells are immersed in an electric field created by tissue polarity from brain macrostructures as well as the local field potentials which are established from the action potentials fired by the neurons 12 . A weak endogenous electric current has been shown to serve as a guidance cue for neuroblast migration from the subventricular zone in mouse 13 , a region speculated as the origin of glioma tumorigenesis 14 . Thus, the physiological a) amy.shen@oist.jp electric fields in the brain may play an important role in mediating the glioma tumorigenesis and invasion [15] [16] [17] [18] [19] . Cells sense the electric field by bioelectrical activation of voltage-sensitive proteins, mechanosensing due to electrokinetic phenomena, or activated chemical signaling due to electrokinetically polarized membrane receptors ( Supplementary FIG. S.1 ). The voltage gradient creates a large voltage drop at cellular membrane which can directly activate voltage sensitive proteins such as voltage-gated ion channels that are most commonly expressed on excitable membranes at neuronal synapses and neuro-muscular junctions 20 . Among the voltagegated ion channels in the brain, calcium channels are especially important as calcium influx plays a pivotal role in cellular signaling 21, 22 . Calcium signaling is also important in glioma cell proliferation, resistance to therapy, and metastasis [23] [24] [25] [26] [27] . Whether or not the calcium signaling in glioma is mediated by electric field is still an open question.
Conventional in vitro electrical stimulation systems for studying cell responses in electrical microenvironments are bulky and the experimental throughput is limited 28, 29 . To overcome these limitations, a robust high-throughput in vitro platform that creates stable electrical stimulation of cells and interfaces with automated microscopy is a prerequisite for rapid screening of targets and identifying molecular mechanisms. To this end, we have developed a hybrid poly(methylmethacrylate)/poly(dimethylsiloxane) (PMMA/PDMS) microfluidic platform to reliably study glioblastoma single cell migration under high-throughput dcEF stimulations that multiple antagonists can be tested simultaneously to identify molecular mechanisms.
Quantitative single cell migration analysis is carried out by extracting cell migration metrics such as the directedness, orientation, or speed using a robust machine learning-powered cell segmentation/tracking/analysis software with stain-free phase contrast microscopy 30 . Using the hybrid microfluidic platform, the role of voltage-gated calcium channels in calcium signaling pathways of glioblastoma electrotaxis are investigated.
II. RESULTS
A. Uniform single cell seeding by submerged manipulation in hybrid multiple electric field chip (HMEFC)
To analyze single cell migration in microchannels, cells must be seeded sparsely and allowed to adhere and culture reliably 31, 32 . However, it is known that uneven distribution of cells due to fluid flow, convection in suspension and vessel movement after seeding can cause aggregation and differentiation of cells 33 . Different cell loading methods affecting cell distribution in single cell migration experiments are investigated, such as tip loading method, tip injection method, and a pressure-balanced submerged cell seeding, as shown in FIG. 1.
In tip loading method (FIG. 1.a) , the cells flocculate in the small pipet tip and cannot be dispersed uniformly in the microchannel (FIG. 1.d, g, j) . In tip injection method (FIG. 1.b ), the cells are originally injected in the channels with uniform cell distribution. However, without balancing the microchannel inlet/outlet pressure, the minute hydrostatic pressure difference between inlets and outlets generates a small pressure-driven flow that displaces cells which lead to cell aggregates (FIG. 1. e, h, k). Furthermore, in tip injection method, due to the small dimension of the punched holes at inlet/outlet interfaces, bubbles are easily trapped and may be introduced into microchannels, disrupting fluid advection and chemical transport.
By submerging inlets and outlets underwater using a reversibly bonded top reservoir and balancing the pressure between inlets and outlets (FIG. 1.c) , air bubbles can be avoided and pressure-driven flow is prevented from affecting cell distribution. Moreover, using this cell seeding method, only minute amount of cells is needed (the volume of the microchannel). Uniformly distributed single cell seeding across the entire microchannel is obtained for single cell migration experiments (FIG. 1.f, i, l). The top reservoir in our submerged cell seeding setup can be easily removed after cells are seeded and can be adapted to a wide range of microfluidic chips. In tip loading method, cells are introduced by using gravitational flow with micropipette tips. The cells can flocculate inside the tips and in microchannels as illustrated in (d). The microscopy image of seeded cells is shown in (g) and magnified in (j); (b, e, h, k) In tip injection method, cells are injected into the channels and tips are removed. The small hydrostatic pressure differences between the inlet/outlet (shown as ∆h) will contribute to hydrodynamic flow and disturb the cell distribution, causing non-uniform cell distribution and aggregates as shown in (e). The microscopy image of seeded cells is shown in (h) and magnified in (k); (c, f, i, l) In our pressure-balanced submerged cell seeding method, the hydrostatic pressure difference is eliminated. The injected cells remain uniform throughout the channel as shown in (f). The microscopy image of seeded cells is shown in (i) and magnified in (l). The uniform and sparse cell seeding method is suitable for many different applications from single cell tracking, ensembled cell studies to cell assembly. The scale bars in (g, h, i) represent 500 µm. The scale bars in (j, k, l) represent 200 µm.
B. Glioblastoma electrotaxis requires optimal laminin-containing ECM
An effective ECM coating on the substrate is essential for cell adhesion and formation of focal adhesions for cell migration 34, 35 . Glioblastoma can be molecularly classified into proneural, neural, classical, and mesenchymal types according to The Cancer Genome Atlas (TCGA) 36 . We use two glioblastoma cell models, T98G and U-251MG, which are both of caucasian male origin and classified as mesenchymal type with p53 mutant genotype 37, 38 . The adhesion and electrotaxis of T98G and U-251MG glioblastoma cell lines on various ECMs are tested in a double-layer hybrid multiple electric field chip (HMEFC) based on the hybrid PMMA/PDMS design approach 17 (Supplementary TABLE. S.1). The migration directedness, speed, and morphology of glioblastoma cells (see details in section IV.D) are quantitatively analyzed by a machine learning-based single cell segmentation and tracking software from stain-free phase contrast microscopy 30 While standard poly(D-lysine) (PDL) and various combinations of poly(L-ornithine) (PLO) and laminin have been used for glioblastoma electrotaxis 16, 39 , the adhesion and electrotaxis of T98G and U-251MG are not always are not always consistent and reproducible as shown in Supplementary FIG. S.2 and FIG. S. 3. T98G and U-251MG electrotactic responses are also not stably reproduced on collagen I, collagen IV, vitronectin, and fibronectin coatings.
Both T98G and U-251MG cells adhere well and demonstrate lamellipodia structures on substrates containing laminins, such as pure laminin coating, or Geltrex TM . Geltrex TM is a growth factor-reduced complex basement membrane extract purified from murine Engelbreth-Holm-Swarm tumors containing laminin, collagen IV, entactin, and heparin sulfate proteoglycan 40 . Cells interact with laminins through various integrins including α1β1, α2β1, α3β1, α6β1, α7β1 41, 42 . The integrins are believed to participate in the initiation of electrotaxis through mechanosensitive pathways [43] [44] [45] .
Discussed in details in section C, under electrical stimulation, the electrotaxis of both T98G and U-251MG are more prominent and reproducible on Geltrex TM coatings, hence all the studies in the following sections are based on Geltrex TM coatings. The detailed data of T98G and U-251MG electrotaxis on various ECMs is shown in Supplementary TABLE S.2.
An interesting observation is found in U-251MG cells on iMatrix-511-coated substrates. U-251MG cells demonstrate large lamellipodia associated with high migratory speed (15.45 µm hr −1 under 300 V m −1 , P < .0001) but with diminished directedness (0.01, P < .0001). Note that iMatrix-511 is a recombinant truncated laminin with α5β1γ1 subunits and interacts with cells through the α6β1 integrin 46, 47 . This suggests that the specific molecular configuration of laminins in ECM may be vital for electrotaxis.
While it is understood that ECMs in tumor microenvironment are important 48 , glioblastoma cells demonstrate preference for adherence and electrotaxis on laminin-coated surfaces. Within the brain microenvironment, laminin expressions are restricted to the basement membrane of neural vasculature 49 and perivascular tumor microenvironment is especially vital for glioblastoma metastasis 10, 50 . Therefore, the correlation among laminin, glioblastoma electrotaxis, and the perivascular invasion process may be important in glioblastoma cancer biology that requires further elucidation.
C. Electrotaxis behavior may reflect the heterogeneity of glioblastoma
To further analyze how T98G and U-251MG cells migrate under dcEF stimulation, the glioblastoma electrotaxis in serum-containing (FBS) and serum-free media were examined.
a. T98G and U-251MG cells migrate toward opposite directions under dcEF stimulation FIG. 2 shows the directedness and speed of T98G and U-251MG electrotaxis. Upon 300 V m −1 dcEF stimulation, T98G cell migrate toward anode (positive electrode) while the U-251MG migrate toward cathode (negative electrode). Furthermore, the directedness in the electrotaxis of T98G cells does not depend on the presence of fetal bovine serum (FBS) (P = .45) but the speed is significantly decreased (P < .0001). The directedness of U-251MG cell electrotaxis however is highly dependent on the presence of FBS (P < .0001) and lack of FBS also decreases the speed of U-251MG electrotaxis (P < .0001). The FBS serum is rich in growth factors, proteins, and ions, which can enhance the chemical signaling in electrotaxis (Supplementary FIG. S.1). The electrotaxis and random migration of T98G and U-251MG with or without electrical stimulation is shown in Supplementary VIDEO. S.1 -Supplementary VIDEO. S.4.
Both T98G cells and U-251MG cells are categorized as mesenchymal type glioblastoma 37, 38 , however, their electrotactic responses are completely different. Similar results are reported in the electrotaxis of glioblastoma cells and spheroids 15, 16, 19, 39 and lung adenocarcinoma 51 , showing that although molecular and surface marker makeups of the cell lines are similar, their electrotaxis responses can be completely different. The opposite electrotaxis results may reflect the fundamental heterogeneity among glioblastoma cells which has been speculated to contribute to the recurrence and therapeutic resistance after anti-tumor therapy [52] [53] [54] [55] [56] . Further elucidation of the correlation among electrotactic responses, metastatic properties of glioblastoma, and in situ electric field around the lesion may be beneficial to evaluate electrotaxis response as a predictive tool for glioblastoma metastasis.
b. Only T98G cells demonstrate prominent electroalignment behavior under electrical stimulation Aside from directional migration in the dcEF, cells may also demonstrate long axial alignment in perpendicular to the dcEF vector. While this phenomenon is commonly observed among many cell types 51,57-60 , the molecular mechanism and the biological role are not clear. Electroalignment may participate in the cytoskeletal restructuring in tissue morphogenesis 61, 62 , but biophysical studies show that in vitro microtubules align in parallel to electric field vectors rather than perpendicular 63, 64 . Supplementary FIG. S.4 shows orientation of the cells with respect to time in electrically stimulated T98G and U-251MG cells over 6 hours. The orientation index is defined as the average cosine of two times the angle be- 
D. Glioblastoma electrotaxis requires extracellular calcium
Calcium ion flux is known to be involved in the electrotaxis signaling of multiple cell types including mouse fibroblasts, human prostate cancer cell, and neural crest cells [65] [66] [67] [68] [69] . Deregulation of calcium influx in the cells reduces actin polymerization and affects cell motility speed but its effect on electrotactic directedness vary depending on cell types 65, 69 . The hypothesis that glioblastoma electrotaxis is dependent of extracellular calcium cations is tested in this work (FIG. 2) .
First, a calcium-free, serum-free cell culture media (CaFree SF) is used to test if glioblastoma electrotaxis requires extracellular calcium. T98G cells lose viability both with and without dcEF stimulation. Lack of cal-cium ion in cell culture media may impact calcium homeostasis significantly but the loss of viability is rescued by the addition of 10% FBS which contains calcium and growth factors. The electrotaxis of U-251MG in calciumfree, serum-free media is not affected compared to those in serum-free media (P > .99). Interestingly, the electrotactic speed of U-251MG in calcium-free serum-free media further increases (P < .0001).
Second, to validate that calcium cations are important, cation chelators EDTA and EGTA are used to chelate the free calcium in the cell culture media with 10% FBS. Treatment of 2 mM EDTA significantly represses the directedness of only U-251MG cells (P < .0001, Supplementary FIG. S.6.a). To further confirm the electrotaxis inhibition is due to extracellular calcium cations, EGTA, a divalent cation chelator with increased affinity towards Ca 2+ , is used. At 1 mM EGTA, the electrotactic directednesses of neither cell lines are affected but the electrotactic speeds of them become more dispersed (P < .0001). Under 2 mM EGTA treatments, the electrotactic directedness of U-251MG cells are reduced (P < .0001). When 5 mM EGTA is used, the electrotaxis of both cell lines are further repressed in both directedness and speed and the cells detach from the substrate. These results suggest that glioblastoma electrotaxis requires extracellular calcium cations and calcium influx may be important for electrotaxis, particularly that of U-251MG cells.
E. Glioblastoma electrotaxis is mediated by voltage-gated ion channels
Ions channels expressed on glioblastoma cells including various potassium, calcium, sodium, and chloride ion channels are believed to facilitate pathogenesis of glioblastoma 27, [70] [71] [72] . Although the expressions of numerous ion channels vary among clinical glioma samples 25 , ion channel expression profiles have been suggested to predict survival in glioma patients 73, 74 . Glioblastoma cells are immersed in the local field potentials within the brain, and extracellular calcium is required for glioblastoma electrotaxis which can flow into the cells through voltage-gated calcium channels (VGCCs). Whether and how VGCCs participate in the electrotaxis of glioblastoma may shed new insights for inhibiting glioblastoma infiltration.
VGCCs are known to play important roles in glioma biology such as cell proliferation, apoptosis, and sensitization to ionizing radiation 27, 75, 76 . VGCCs can be categorized as high voltage activated (HVA) or low voltage activated (LVA) types [77] [78] [79] . Among the HVA VGCCs, four subtypes can be categorized by electrophysiological property and genetic phylogeny, including L-type (long-lasting, Ca v 1. Another class of membrane proteins that are bioelectrically activated are voltage-gated potassium channels (VGKCs), which are represented by 12 families (K v 1-K v 12). VGKCs are involved in diverse physiological and pathological processess regulating the repolarization of neuromuscular action potential, calcium homeostasis, cellular proliferation, migration, and cancer proliferation [83] [84] [85] [86] [87] [88] [89] . Voltage-gated potassium channel K v 1.2 90 and non voltage-gated inwardly-rectifying potassium channel K ir 4.2 91 have been shown to be involved in the sensing of electric field and signaling of cell electrotaxis. The potassium ion transporters confer biophysical signals that are key for regulating stem cells and tumor cells behavior in microenvironment 92 . In prostate cancer cells, VGKC expressions are linked to the increased metastatic potential 93 . Furthermore, inhibition of K v 1.3 VGKC has been shown to induce apoptosis of glioblas-toma cells in vitro 94 .
The role of VGCCs in glioblastoma cell electrotaxis is investigated by using pharmacological inhibitors (Supplementary TABLE. S.3). Many of these inhibitors are short peptides purified or recombinant engineered from venoms of poisonous species. When testing inhibition, cytochrome C was added to the culture media to prevent non-specific adsorption of peptide inhibitors to microfluidic chips 95 In both glioblastoma cell lines, inhibition of L-type HVA VGCC with gadolinium 96 or nicardipine 97 exhibit no effect on electrotactic directedness (P > .99) nor on speed (P > .15) ( Supplementary FIG. S.7) . Inhibition of N-type HVA VGCCs with ω-Conotoxin GVIA 98, 99 also has no effect on the electrotaxis of either cell type (P > .92).
a. T98G electrotaxis is mediated by R-type HVA VGCC The electrotaxis of T98G is repressed when treated with cadmium which is a broad spectrum HVA VGCC inhibitor at 50 µM and 100 µM (P < .0001, FIG. 3) 100, 101 . Upon further identification, the directedness in T98G electrotaxis is repressed by use of SNX-482, an R-type VGCC inhibitor 102,103 (P = .049). The electrotaxis of T98G cells repressed with SNX-482 is shown in Supplementary VIDEO. S.5.
Calmodulin, a calcium binding protein, mediates many of the Ca 2+ dependent-signaling by interacting with VGCCs and maintaining intracellular calcium homeostasis 104, 105 . However, the electrotaxis of T98G is not dependent on calmodulin by inhibition with calmidazolium (P > .99, FIG. 3) and Ni 2+ treatment has no inhibition on T98G cells (P > .99) which has partial inhibition on R-type VGCC 103, 106 . These results imply an alternative mechanism might be at play.
b. U-251MG electrotaxis is mediated by P/Q-type HVA VGCCs U-251MG electrotaxis has exhibited its dependency on HVA VGCCs. Decreased directedness and speed are observed in U-251MG cells treated with 100 µM cadmium (P = .0372, Supplementary TABLE S.4). Upon further identification, U-251MG electrotaxis directedness is repressed when treated with P/Q-type HVA VGCC inhibitor using agatoxin IVA and conotoxin MVIIC (P < .0001) (FIG. 3) . However, the electrotactic speed is not affected by agatoxin IVA (P > .99) but decreased by conotoxin MVIIC (P < .0001) (Sup- plementary FIG. S.8 ). The electrotactic directedness of U-251MG is dependent on calmodulin (P < .0001). The electrotaxis of U-251MG is repressed by the treatment of agatoxin IVA, shown in Supplementary VIDEO. S.6.
Furthermore, the electrotactic directedness of U-251MG cells is repressed with nickel (P < .0001) and amiloride (P < .01) as well as the electrotactic speed (P < .0001) (FIG. 3) . These results suggest a possible involvement of T-type VGCC 107 in U-251MG elec-trotaxis. However, U-251MG electrotaxis is not affected when tested using another potent T-type VGCC inhibitor, TTA-A2 108,109 .
c. T98G and U-251MG electrotaxis are also mediated by A-type VGKCs and acid-sensing sodium channels In T98G electrotaxis, cadmium and SNX-482 inhibit the Rtype HVA VGCC and decreases electrotaxis directedness. However, cadmium and SNX-482 have been reported to also block a rapid inactivating (A-type) transient outward VGKC (K v 4.3) and experimental results of SNX-482 should be interpreted carefully [110] [111] [112] . Increasing of 4-AP to 4 mM, though results suggest that electrotactic directedness has not changed (P > .99) compared to control, but the migration speed is decreased (P < .0001). This is likely an artifact from part of T98G cells starting to detach from the surface rather than actual electrotaxis ( Supplementary  FIG. S.9 ). These results suggest that T98G electrotaxis may be mediated by A-type VGKCs (K v 4.3), but the involvement of R-type VGCCs cannot be completely ruled out. Further molecular studies into the roles of VGCCs and VGKCs in glioblastoma electrotaxis are required.
Similar inhibition of A-type VGKC also represses U-251MG electrotaxis. When U-251MG cells were treated with AmmTx3 and 4-AP, the electrotaxis directedness is inhibited by both compounds (P < .0001) and the speed is repressed in only 4-AP (P <.0001) but not AmmTx3 (P = .09) ( Supplementary FIG. S.8 ). The electrotaxis of T98G and U-251MG is suppressed when A-type VGKC is inhibited through 1 mM 4-AP are shown in Supplementary VIDEO. S.7 & VIDEO. S.8).
Furthermore, nickel and amiloride repress the directedness of U-251MG electrotaxis but not through T-type VGCC. At high concentration of nickel and amiloride, the compounds may inhibit acid-sensing ion channel (ASIC) and epithelial sodium channel (ENaC), which are members of a superfamily of voltage-insensitive mechanosensitive sodium channels 119, 120 . Furthermore, ASIC sodium channels are specifically expressed in the high-grade glioma cells but not in normal brain tissues or low grade glial cells 121, 122 . Sodium ion flux is known to mediate electrotaxis in keratinocytes through ENaC sodium channels 123 and prostate cancer cells through voltagegated sodium channels [124] [125] [126] .
To confirm the involvement of ASIC sodium chan- Supplementary  FIG. S.8 ). Benzamil is also tested on T98G electrotaxis and found to inhibit its directedness (P < .01) and speed (P < .0001). d. Various ion channels participate in the electrotaxis of glioblastoma cells of different origins The pharmacological studies on the ion channels in T98G and U-251MG electrotaxis suggest that multiple ion channels, which may be voltage-sensitive or not, can mediate the sensing of endogenous electric field and initiate the migratory response 13 . The proposed mechanism is highlighted in FIG. 4 .
A-type VGKC, R-type VGCC, and ASIC sodium channels mediate the electrotaxis of T98G cells while P/Qtype VGCCs, A-type VGKC, and ASIC sodium channels mediate the electrotaxis of U-251MG cells. These results suggest that ion channel expression profiles are cell line specific and correlating ion channel expressions with electrotactic phenotypes of cancer cells may be beneficial to provide new insights of metastasis-aimed therapeutics by inhibiting electrotaxis 130, 131 . If glioblastoma infiltration can be inhibited by targeted therapeutics, the quality-oflife and prognosis of glioblastoma patients could be improved. The downstream molecular signaling of VGCCs, VGKCs, and ASIC sodium channels in glioblastoma electrotaxis is an interesting future direction to investigate. Recently, glutamatergic receptors have also been shown to mediate neuron-glioma interaction and glioma progression through calcium signaling [132] [133] [134] . Therefore, a systematic screening of potassium channel, sodium channels, and glutamate receptor ion channels' ability to me-diate glioblastoma electrotaxis is necessary to map the signaling network that may contribute to glioblastoma metastasis. The high-throughput hybrid microdevices and machine learning-assisted quantitative analysis developed in this work can be very useful for systematic phenotype profiling and identification of molecular mechanisms underlying cell electrotaxis.
III. CONCLUSION
The hybrid PMMA/PDMS microfluidic chip is a robust platform for high throughput electrotaxis studies. Cell migration in multiple dcEFs under multiplex conditions can be studied in a single experiment in combination with automated microscopy. The submerged operation balancing the inlet/outlet hydrostatic pressures guarantees a stable microenvironment that avoids microbubbles, ensures uniform cell seeding, and minimizes required number of cells. Uniformly distributed single cells can be reliably seeded in microfluidic chip that further increases the robustness for high throughput and more reproducible experiments. Use of machine learningenabled single cell migration analysis automates the cell migration data analysis workflow for reliable quantitative data at high throughput.
Geltrex TM coating has been identified to support reproducible electrotaxis model of T98G and U-251MG glioblastoma cells. The heterogeneity responses of T98G and U-251MG electrotaxis and the importance of calcium signaling are identified. By further inhibitorial study, the electrotaxis of T98G may depend on R-type HVA VGCCs, A-type VGKCs, and ASIC sodium channels. The electrotaxis of U-251MG depends on P/Q-type HVA VGCCs, A-type VGKCS, and ASIC sodium channels. Multiple ion channels, which may be voltage-sensitive or not, can mediate the sensing of electric field and electrotaxis in different glioblastoma models, suggesting that glioblastoma infiltration can be amplified by endogenous electric field in a tumor sample-dependent manner. The roles of ion channels on glioma metastasis and survival with regard to physiological electric field require further systematic studies and in vivo validation.
As proof of principle, the hybrid PMMA/PDMS microfluidic design demonstrates robustness and versatility for high throughput experiments. The microfluidic chip design can be tailor-made for specific biological study. By using a robust, flexible, and high-throughput microfluidic platform together with machine learning software, the bottleneck of data analysis in high throughput experiments can be resolved, opening new opportunities for quantitatively studying cell responses in well-controlled microenvironments.
IV. METHODS

A. Hybrid multiple electric field device (HMEFC) design, simulation, and fabrication
To phenotypically test cell electrotaxis and elucidate molecular mechanism, a reliable in vitro platform for high throughput study is necessary. The HMEFC is designed by the hybrid PMMA/PDMS approach 17 (FIG. 5.a) . Using the hybrid PMMA/PDMS approach, the prototyping disadvantages in both materials can be mitigated while the advantages can be combined. In PMMA, complex 3D structures for fluidic routing or reservoir and worldto-chip interface can be quickly prototyped by CO 2 laser cutting and thermal bonding. However, spatial resolution using this approach is not sufficiently high to create reliable microfluidic environments. In contrast, precise quasi-two dimensional microstructures can be fabricated using the soft lithography technique in PDMS microfluidic chips. But standard soft lithogarphy for PDMS fluidics is limited in the 3D design and worldto-chip interface. By using a dual-energy double-sided tape, PMMA and PDMS substrates can be easily and reversibly bonded 17, 135 , enabling broad experimental flexibility.
In HMEFC, two PMMA components for world-tochip interface and electrical application were adhered to a PDMS chip which contained a double-layer microchannel network where cells were cultured in and observed (FIG. 5.b ). By double-layer microchannel design(FIG. 5.c), experiments with two different cell types or chemical treatments with four electric field strength (EFS) conditions could be performed in a single chip.
To create multiple dcEFs, the HMEFC was designed by R-2R resistor ladder configuration 17, 51, 136 to create theoretical 5.25:2.5:1:0-ratio multiple EFs in section I to IV and section V to VIII (FIG. 5.c). The cells exposed to the highest dcEF were closest to the outlets to avoid paracrine signaling from electrically-stimulated cells to un-stimulated cells.
By using the double-layer design, the hydraulic resistances in the 10 µm-high, 0.84 mm-wide interconnecting channels were much higher than the two 100 µm-high, 2 mm-wide main channels where cells resided, limiting the advectional chemical transport and avoiding "crosscontamination" events that further increased the high experimental throughput (see detailed discussion on chip design in Supplementary Information).
Coupled numerical simulation of electric field, creeping flow, and chemical transport were carried out by finite element methods (COMSOL Multiphysics 5.3, COMSOL, USA). To correctly simulate the system, in-house measured material properties of the minimum essential media α (MEMα) supplemented with 10% FBS medium were measured and input in COMSOL. The liquid material properties of the 3D model was set as water with density of 1002.9 Kg m 3 , electrical conductivity of 1.536 S m −1 , dynamic viscosity of 0.946 mPa s, and relative permittiv-ity of 80. The numerically simulated electric field ratio was 4.99: 2.45:1:0 in section I to IV and section V to VIII with limited chemical transport across the interconnecting channels as designed ( Supplementary FIG. S.13 ).
To fabricate HMEFC, first, the PDMS chip was fabricated by soft lithography technique 137 . The double-layer microfluidic design was fabricated into a mold using negative photoresists (10 µm and 100 µm) on a silicon wafer using direct-write lithographic writer and mask aligner (DL-1000, Nano Systems Solution, Japan and MA/BA6, SUSS MicroTec, Germany) . After passiviation of the mold with perfluorosilane, mixed PDMS monomer (10:1 monomer:curing agent ratio, Sylgard 184, Corning, USA) was poured and cured on the master mold in a custommade casting block which ensures the 4 mm thickness in finished PDMS devices. After degassing, a piece of 15 mm-thick PMMA block was placed on top of the casting block to ensure the surface flatness of PDMS. The PDMS was cured in oven and cut to yield individual devices. 1 mm-wide inlets and outlets were punched on cured PDMS devices and the PDMS devices were bonded to cover glasses (0.17 mm-thick) using O 2 plasma, completing the PDMS chip.
Second, the PMMA components were fabricated by cutting the 4-layer design on a 2-mm thick casted PMMA substrate (Kanase, Japan) using a CO 2 laser cutter (VLS3.50, Universal Laser Systems, USA). The layers were aligned and thermally bonded on a programmable automated hot press with temperature and pressure control (G-12RS2000, Orihara Industrial co., ltd, Japan). Third, dual energy double-sided tape (No.5302A, Nitto, Japan) was patterned using the CO 2 laser cutter and used to join the PMMA components and the PDMS chip 17, 135 . A PMMA top reservoir for submerged cell seeding was also fabricated by four layers of 2 mm-thick PMMA pieces using laser cutting and thermal bonding. The PMMA top reservoir was affixed on top of the two PMMA components through PDMS padding frames with dual energy double sided tapes, completing the assembly of HMEFC for cell seeding.
The detailed description for the HMEFC design, simulation, and fabrication can be found in the Supplementary Information.
B. Cell culture and maintenance
Glioblastoma cell lines T98G (CRL-1690, ATCC, USA) and U-251MG (IFO50288, JCRB, Japan) were obtained from the respective tissue banks and thawed according to the received instructions. Ethics approval is not required. T98G and U-251MG were cultured in minimum essential media α (MEMα) supplemented with 10% FBS and 2.2 g L −1 under 37 • C, 5% CO 2 moist atmosphere (MCO-18AIC, Sanyo, Japan). The cells were subcultured every other day or whenever cells reached 80% confluency. Mycoplasma contamination was checked every three months using a mycoplasma species-specific PCR kit (e-Myco plus, iNtRON, Korea) on a thermocycler (C1000, Bio-Rad, USA).
Frozen stocks of the cells were prepared by resuspending 1×10 6 log-phase cells in 1 mL CellBanker solution (Takara Bio, Japan) and cooled down in a freezing container (Mr. Frosty, Nunc, USA) in -80 • C overnight. The frozen cells were then transferred into gaseous phase of liquid nitrogen for long term storage (Locator 6, Thermo Scientific, USA).
C. Cell seeding and electrotaxis experiment
The cell experiment workflow included salt bridge preparation, priming of microchannels, coating substrate with ECM, seeding cells, assembly of world-to-chip interface, and electrotaxis experiment.
First, sterilized 1% molten agarose (Seakem LE agarose, Lonza, USA) dissolved in 1X phosphate buffered saline (PBS) was injected on the salt bridge junctions of the PMMA component B and allowed to gel (FIG. 5.b) . The salt bridge served as a solid electroconductive separation in electrotaxis experiments between the cell culture media and electrode, avoiding formation of complex electrolysis products.
Second, 50 µL 99.5% ethanol (Wako, Japan) loaded in 200 µL pipet tips were used to wet the microchannels in the PDMS chip by capillary flow and gravity flow 17, 138 . The microchannels were then washed with ultrapure water. The inlet/outlet ports were submerged under liquid solutions in all steps afterward to ensure bubble-free microchannels.
Third, 150 µL of appropriate ECM solutions such as Geltrex TM was loaded in tips and inserted on one side of inlet/outlet ports. The ECM solutions were allowed to flow into chip passively and incubated for 1 hour at 37 • C. After ECM coatings, the channels were washed once with PBS and MEMα. The top reservoir was then filled with MEMα until the inlets and outlets were under the same liquid level, balancing the inlet/outlet hydrostatic pressure.
Log-phase glioblastoma cells were washed with 1X PBS, trypsinized (TrypLE, Thermo Fisher Scientific, USA), counted on a benchtop flow cytometer (Muse counting and viability kit, Millipore, USA), centrifuged at 300×g for 5 min, and resuspended in MEMα media with 10% FBS at 10 6 cells mL −1 . Appropriate amount of cell suspension was injected into the microchannels using a 200 µL micropipet. Due to the small volume in microchannels, only a minute amount of cell suspension was needed. The cells were allowed to adhere in the chip under 37 • C, 5% CO 2 moist atmosphere for 3 to 5 hours.
After cell seeding and adhesion, the top reservoir was removed for optical clarity. A piece of 4 mm-thick PDMS slab punched with two outlet holes (21G, Accu-punch MP, Syneo Corp, USA) was affixed to the top of component B through the first piece of patterned double-sided tape ( Supplementary FIG. S.15.a) , creating an air-tight seal.
To start electrotaxis experiment, fresh media were supplied in the reservoirs on component A of HMEFC. Two sets of tubings (06419-01, Cole Parmer, USA) with stainless tubes (21RW, New England Small Tubes, USA) on one ends and double Luer gel dispensing needles on the opposite ends (23G, Musashi, Japan) were used. The tubings were sterilized before priming with 1X PBS with 2.5 mL syringes (Terumo, Japan). The stainless tube ends were inserted into the 21G holes of the PDMS slab on the HMEFC. The syringes were mounted on a syringe pump (YSP-202, YMC, Japan) and set in withdrawal mode to perfuse the cells on HMEFC. The HMEFC was completed and ready for electrotaxis experiment (FIG. 5.b) .
Two HMEFCs were prepared in one experiment that allowed 16 conditions to be screened simultaneously. However for data presentation, we only showed the ones with 300 V m −1 and 0 V m −1 dcEF. HMEFCs were affixed in a microscope on-stage incubator (WKSM, Tokaihit, Japan). A feedback thin-film K-type thermocouple was attached to the glass bottom of a HMEFC (60 µmthick, Anbesmt, Japan) and regulate the incubator to maintain environmental temperature at 37 • C.
A U-shaped PMMA salt bridge filled with 1% molten agarose in PBS was used to connect the two HMEFCs electrically by inserting into the ajoining PBS reservoirs on each HMEFC's component B. 300 V m −1 dcEFs were established in section I and V (FIG. 5. c) through two home-made silver/silver chloride (Ag/AgCl) wire electrodes 51, 139 inserted in the PBS reservoirs on component B by a source measure unit (2410, Keithley, USA). Time lapse phase contrast images of each condition were taken on an automated phase contrast microscope (Ti-E, Nikon, Japan). The setup is shown in Supplementary  FIG. S.10 .
For electrotaxis of glioblastoma on different ECM coatings, different ECM coatings were coated in the microchannels and electrotaxis experiments were performed in MEMα with 10% FBS for 6 hours.
To test if the electrotaxis of gliblastoma cells require extracellular Ca 2+ , calcium-free Dulbecco's minimum essential medium (CaFree DMEM, 21068, Gibco, USA) or cation chelators such as ethylenediaminetetraacetic acid (EDTA) (15575, Thermo Fisher Scientific, USA) and ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) (08907-84, Nacalai, Japan) were used (Supplementary TABLE. S.3). Before dcEF stimulation, cells were incubated in CaFree DMEM or MEMα with 10% FBS mixed with calcium chelators at indicated molar concentrations for 2 hours at 20 µL hr −1 . Afterward a direct electric current was applied through Ag/AgCl wire electrodes in D-PBS buffer on the PMMA component B by the source measure unit and cell behaviors were observed for six hours.
To investigate if voltage-gated ion channels mediate the electrotaxis of glioblastoma cells, the inhibitors were added to fresh MEMα media with 10% FBS at appropriate working concentrations (Supplementary TA-BLE. S.3). The reagents were supplied in the reservoirs on PMMA component A of HMEFCs after cells were seeded. The inhibitor-containing media were infused into the channels at 20 µL min −1 for 10 minutes before changing to 20 µL hr −1 and incubated for 30 minutes. A direct electric current was applied through Ag/AgCl wire electrodes in PBS buffer on the PMMA component B by the source measure unit and cell behaviors were observed for six hours.
D. Microscopy imaging and data processing
A Nikon Ti-E automated microscope with Perfect Focus System and motorized XYZ stage was used to perform all microscopy experiments. A 10X phase contrast objective and intermediate magnification of 1.5X were used for taking 10-minute interval phase contrast images with a scientific CMOS (sCMOS) camera with 2×2 binning (Orca Flash 4.0, Hamamatsu, Japan) in NIS Element AR software (Nikon, Japan). The spatial resolution at this setting was ≈ 0.87 µm pixel −1 . All experiments were performed in triplicate.
After each experiment, images were exported from NIS element software as tiff files and automatically organized by XY positions into folders using an in-house developed Python script. The cells in the raw images were segmented, tracked, and automatically analyzed using the Usiigaci software 30 . Only cells tracked throughout all the frames in one viewfield were analyzed. At least 100 cells in every condition were analyzed for cell-centric features such as the directedness, speed, and orientation changes before and after electric field or chemical stimulation (Supplementary TABLE. S.5).
Briefly, the definitions of key cell-centric features used to quantify cell electrotaxis ( Supplementary FIG. S.11 ) were listed below:
• Directedness
The directedness of cell electrotaxis was defined as the average cosine of Euclidean vector and EF vec-
cos Φi N , where Φ i was the angle between the Euclidean vector of each cell migration and the vector of applied EF (from anode to cathode), and N was the total number of analyzed cells. A group of anodal moving cells held a directedness of -1; and a group of cathodal moving cells held a directedness of +1. For a group of randomly migrating cells, the directedness was zero.
• Speed
The speed of cell electrotaxis was defined as the average of cell migration rate to travel the Euclidean distance,
where the d net was the Euclidean distance traveled by each cell, and t elapsed was the the time elapsed, and N was the total number of analyzed cells.
• Orientation
The orientation was defined as the average cosine of two times angle between the EF vector and the cell long axis, N i=1 cos 2θi N , where θ i was the angle between the applied EF vector and the long axis of a given cell; N is the total number of cells analyzed. A group of cells aligned perpendicular to the EF held an orientation of -1; and a group of cells aligned in parallel to the applied EF held an orientation of +1. For a group of randomly shaped cells, the average orientation was zero.
The cell-centric features were computed automatically and saved as Excel spreadsheets (Office365, Microsoft, USA) as part of the Usiigaci software analysis pipeline. The data was further statistically inferenced by inputting the data in a statistical software (Prism 7, GraphPad LLC, USA). All data were presented as the mean ± 95% confidence interval, which was 1.96 of standard error of mean, from triplicate experiments. Two-tailed Student's t tests or one-way analyses of variance (ANOVA) with Tukey's multiple-comparison post-hoc tests were performed for statistical testing between two groups or multiple groups. The results form one-way ANOVA were reported until noted otherwise. The confidence level to reject a null hypothesis between two datasets was set at 95%. A p-value (P, the probability for a true null hypothesis) less than 0.05 represented a statistical significance at 95% confidence.
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Step-centric features
Turning angle α i = tan −1 (yi−yi−1) The HMEFC was designed by the hybrid PMMA/PDMS approach 3 (FIG. 5) , in which the prototyping disadvantages in both materials could be mitigated while the advantages can be combined. In PMMA, complex 3D structures for fluidic routing or reservoir and world-to-chip interface could be quickly prototyped by CO 2 laser cutting and thermal bonding. However, spatial resolution using this approach was not high to create reliable microfluidic environments. In contrast, highly precise quasi-two dimensional microstructures could be fabricated using the soft lithography technique in PDMS microfluidic chip, however, standard soft lithogarphy was limited by 3D design complexity and world-to-chip interface. Using a dual-energy double-sided tape, PMMA and PDMS could be easily and reversibly bonded 3, 4 , enabling broad flexibility in microfluidic design and experiments. In HMEFC, two PMMA components for world-to-chip interface and electrical application were adhered to a PDMS chip which contained a double-layer microchannel where cells were cultured in and observed (FIG. 5b) . The electric field was applied from agrose interface next to the outlets that were connected to syringes.
Cell-centric features
By the double-layer microchannel design, four different strengths of direct current electric field (dcEF)
were created in two main channels in a HMEFC and the chemical transport across them were limited by manipulating hydraulic resistances (FIG. 5.c) . Two different cell types or chemical treatments could be used in the main channels. The microchannel characteristics were shown in To create multiple dcEFs, the HMEFS were designed by R-2R resistor ladder configuration 3,5,6 creating different electric fields in section I to IV and section V to VIII (FIG. S.12.a) . The cells exposed to the highest dcEF were nearest to the outlets to avoid paracrine signaling from electrically-stimulated cells to un-stimulated cells.
According to Ohm's law, the electrical resistance of a resistor, R, was proportional to the length and inversely proportional to the cross-sectional area:
where ρ, l, A, w, and h were the electrical resistivity of the medium, the length, the cross-sectional area, the width, and the height of the microchannel, respectively. Assuming the electrical resistance of R 1 being r, the The similar analysis could be performed on the hydraulic equivalent circuit of HMEFC using the electricalhydraulic analogy 7 (FIG. S.12.b ). The interconnecting channels and main channels had width much bigger than height, thus, the hydraulic resistance can be calculated using the below equation 8 :
where µ is the fluid viscosity, l is the channel length, w is the channel width, and h is the channel height.
The hydraulic resistances in the 10 µm-high interconnecting channel were much higher than the two 100 µmhigh, 2 mm-wide main channels were cells resided, limiting the advectional chemical transport. The flow rates in interconnecting channels and main channels differed by 18 orders as simulated by PSPICE analysis (TABLE. S.6).
Two dimensionless numbers such as Reynolds number and Péclet number can be used to characterize the fluid flow and chemical transport in the microfluidic system.
The Reynolds number, , is a dimensionless parameter to determine if the system is in the laminar or turbulent regime 9 . It is a measure of competition between the inertia force over the viscous force in the flow.
In general, most microfluidic chips for cell studies involve Reynolds numbers much smaller than 1 and the flows in the lab-on-chip devices are observed to be laminar.
where L c is a characteristic length scale related to the flow field, U is the characteristic velocity, ρ is the density, and µ is the dynamic viscosity of the fluid. In HMEFC, the characteristic length was the hydrodynamic radius ( 2wh w+h ), where w and h were width and height of microchannels. The Péclet number describes the proportional relationship of chemical transport between convective fluxes and diffusive fluxes. In a system of high Péclet number, the diffusion is negligible whereas in low Péclet number system, the scalar (i.e., solute concentration) distribution governed by diffusion follows the Fick's Law 9 :
where U is the characteristic velocity, L c is the characteristic length, and D is the diffusion coefficient of the scalar.
In HMEFC, the Reynolds number and Péclet number were much lower in the interconnecting channels compared to those of the main channels, suggesting that the chemical transport through the interconnecting channels that would cause "cross-contamination" event was diffusion-limited.
HMEFC simulation
The from one main channel to another through the interconnecting channels could be seen more clearly (FIG. S.13 .c).
In the double-layer design, it was more diffusion-dominant and the cross-contamination was limited. These results shows the HMEFCs could create multiple dcEFs without cross-contamination of chemicals, increasing the experimental throughput.
Diffusion-limited chemical transport validation in HMEFC
The diffusion-limited chemical transport in HMEFC was visualized by flowing 40 kDa fluorescein-dextran (FD40, Sigma-Aldrich, USA) with U-251MG cells or 40 kDa tetramethylrhodamine-dextran (D1842, Thermo
Fisher Scientific, USA) in Fluorobrite DMEM (Gibco, USA). The dyed media were loaded separately in two 2.5 mL syringes (Terumo, Japan) and the channels was primed at 20 µL min −1 for 10 minutes before reducing to 20 µL hr −1 (cell culture experiment flow rate), followed by capturing microscopy images with 10 minute time lapse epifluorescence microscopy over ten hours (Ti-E, Nikon, Japan). flow rates. Furthermore, when cells were injected in the top channel of the double-layer microfluidic chip, the cells were not able to pass through 10 µm-height interconnecting channels and were restricted to its main channel. When different cell types were seeded in separate channels, the double-layer microchannel design could further increase the experimental throughput.
HMEFC fabrication
A HMEFC was composed of a PMMA top reservoir, two PMMA components, and a PDMS chip (FIG. S.15 ).
For high throughput experiments, another U-shaped PMMA agarose salt bridge made electrical conduction between two HMEFCs.
PDMS chip fabrication
In the double-layer HMEFC, the first layer was 10 µm-high and the second layer was 100 µm. The design was designed in AutoCAD and exported to KLayout. Several cross-shaped alignment markers were included in the design to assist alignment during making of the mold for double-layer microfluidic chip.
A 10 µm-thick layer of photoresist (DWL-5, Micro Resist Technology, Germany) was spin-coated on a 100 mm silicon wafer and soft baked. The first design layer was directly written by the maskless lithographic writer (80 mJ cm −2 , DL-1000, Nano Systems Solutions, Japan) and subsequently hard-baked. Next, without development, a layer of 100µm-thick photoresist (SU-8 3050, MicroChem Corp, USA) was spin-coated on the wafer and soft baked. A chrome mask (CBL5006Du-AZPFS, Clean Surface Technology, Japan) for the second layer was fabricated using the maskless lithographic writer and the pattern was etched away by etchant (651826, Sigma Aldrich, USA). Using the alignment markers, the silicon wafer with the first-layer structures was aligned to the second layer structures on the chrome mask on the mask aligner (MA/BA6, SUSS MicroTec, Germany) and subsequently exposed (45 s of i-line UV irradiation). The unexposed photoresist was dissolved away in propylene glycol methyl ether acetate (PGMEA, Sigma Aldrich, USA) and the wafer was washed thoroughly with isopropanol, water, and dried with nitrogen gas. The wafer with microstructures was passivated by 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (667420, Sigma-Aldrich, USA) in a vacuum dessicator.
To fabricate the PDMS devices, PDMS (Sylgard 184, Dow Corning, USA) monomer was mixed with curing agent at 10:1 ratio, degassed, and poured on the mold in a in-house made casing block made of polytetrafluo- After curing, the PDMS devices with the negative impression of the microstructures on the master mold was delaminated and cut into single devices appropriately. Inlet/outlet ports were punched with a 1 mm-diameter biopsy punch (BPP-10F, KAI Group, Japan). The port size around 1 mm was appropriate for biologist-friendly fluid manipulation using a 200 µL pipet tip.
Each PDMS device was bonded to a piece of coverglass cleaned to complete the PDMS chip. To ensure surface quality and optical performance, high-precision borosilicate coverglasses (24×60 mm, 170 ±5 µmthick, No.1.5H, Marienfeld-Superior, Germany) were cleaned in a washing solution with ultrasound (1% TFD4, Franklab, France). The coverglasses were washed thoroughly with ultrapure water, dried, and disinfected with ultraviolet irradiation prior to bonding to PDMS devices using O 2 plasma (AP-300, Nordson MARCH, USA). hot press (G-12RS2000, Orihara Industrial co., ltd, Japan). The PMMA pieces were heated above its glass transition temperature with pressure to form leakage free 3D microfluidic components (118 • C, 500 N, 30 min).
Facile reversible-bonding between PMMA components and PDMS chip A dual energy double-sided tape (85 µm, No. 5302A, Nitto, Japan) was patterned using the CO 2 laser scriber. On no.5302A double-sided tapes, a silicone-type adhesive and an acrylic-type adhesive were overlaid on the two sides of a poly(ethylene terephthalate) (PET) substrate. The silicone-type pressure sensitive adhesive adhered to silicone rubber, while the acrylic-type adhesive affixed to plastic, glass, and metal surfaces 3, 4 . The double-sided tape provided an easy and facile way to bond between PDMS and PMMA, an interface typically hard to join. Thus, double-sided tape provides the advantage of high spatial precision of PDMS microfluidics and rapid 3D prototyping of PMMA microfluidics. Using two pieces of patterned double-sided tape, the PMMA component A and B were aligned and affixed to the PDMS chip (FIG. S.15 .a).
In addition, to avoid breakage and flexing of thin coverglass, a copper holder was used to provide solid support (FIG. S.15 .c). The 2 mm-thick copper holder was made of wire electrical discharge machining (wire-EDM) and backed with 0.5 mm PDMS sheet. The PDMS was attached reversibly to the coverglass of the PDMS microfluidic chip. 
